Natural fiber-reinforced composites are recognized as better materials for structural components due to their inherent properties. However, milling these materials presents a number of problems, such as surface delamination and surface roughness (Ra), which appear during the machining process, associated with the characteristics of the material and the cutting parameters. In order to reduce these problems we present this study with the objective of evaluating the cutting parameters (cutting velocity and feed rate) and the influence of the fibers under delamination factor (Fd) and surface roughness (Ra). An experimental plan, based on Taguchi techniques and on the analysis of variance (ANOVA), was established considering milling with prefixed cutting parameters in Natural Fiber-Reinforced Plastic (NFRP) composite materials using cemented carbide end mill. The results of NFRP composite were compared with Glass Fiber-Reinforced Plastic (GFRP) composites. The objective was to establish a model using multiple regression analysis between cutting velocity and feed rate with the delamination factor (Fd) and surface roughness (Ra) of different fiberreinforced laminates.
Introduction
Fiber-reinforced polymer composites have played a dominant role for a long time in a variety of applications for their high specific strength and modulus. The fiber, which serves as a reinforcement in reinforced plastics, may be synthetic or natural. Previous studies have shown that only synthetic fibers such as glass, carbon, etc., have been used in fiber-reinforced plastics. Although glass and other synthetic fiber-reinforced plastics possess high specific strength, their fields of application are very limited because of their inherent higher cost of production (Kindo, 2010) .
In recent years, the use of natural fibers as reinforcements and/or fillers in the manufacture of fiber-thermoplastic composites has been of great interest to many researchers. These fibers have many advantages such as low density, high specific strength and modulus, relative nonabrasiveness, ease of fiber surface modification and wide availability. Natural fibers are also much cheaper than synthetic fibers and could replace synthetics in many applications where cost savings outweigh high composite performance requirements.
The manufacturing of the natural fiber-reinforced composite can broadly be classified as primary and secondary manufacturing. The primary manufacturing results in a near-net shape of the final product. The various primary manufacturing processes are hand lay-up, pultrusion, filament winding, vacuum bag molding and resin transfer molding. Although most of the composite products are made to a near-net shape, a certain degree of intricacy in the product design necessitates the development of the composite product in parts. Finally, the independently manufactured parts are assembled to get the final composite product. Machining thus becomes imperative to ascertain the structural integrity of complex composite products. Slot making is one of the important machining operations to facilitate the assembly operations. Though a number of approaches have been used for making slots in composite laminates, conventional milling is the most widely acceptable and frequently practiced machining operation till date. Conventional milling, however, results in damage in the form of delamination, micro cracks, fiber pull out and matrix burning and may ultimately cause variation in the performance of the component. The damage generated during the milling of composites can be detrimental to the mechanical behavior of the composite products. The resulting damage and reduction of the product's life due to milling-induced damage call for the collective responsibility of all the manufacturing specialists to address this inherent problem scientifically for the benefit of the natural fiber-reinforced composite users' fraternity.
Murali Mohan Rao et al. (2010) investigated the effect of the natural fibers on tensile strength and dielectric properties over different natural fiber-reinforced composites. Hakim et al. (2010) investigated load-displacement behavior of glass fiber/epoxy composite plates with circular cut-outs subjected to compressive load and concluded that as the cut-out size increases, the maximum load of the composite plate decreases. Kishore et al. (2009) studied the residual tensile strength after drilling in glass fiber-reinforced epoxy composites and determined the optimal machining conditions for drilling glass fiber-reinforced epoxy composites. Palanikumara and Paulo Davim (2009) studied the factors influencing tool wear on the machining of glass fiber-reinforced plastics by coated cemented carbide tools and concluded that cutting speed has greater influence on tool flank wear than feed rate. Muthukrishnan and Paulo Davim (2009) studied the effect of machining parameters on turning metal matrix composites and concluded that the feed rate has the highest physical as well as statistical influence on the surface roughness. Singh et al. (2008) carried out a study on the drilling of uni-directional glass fiber-reinforced plastics and concluded that the thrust force depends on the drill point angle and the feed rate and increases with the increase in both the point angle and the feed rate. Tsao (2008) investigated the effects of drilling parameters on delamination by various step-core drills and concluded that the drillinginduced delamination of various step core drills increase with decrease in diameter ratio and spindle speed and increase in feed rate.
In this paper, an approach based on the Taguchi method is used to determine the desired optimum cutting parameters for minimized appearance of delaminations and surface roughness in milled unidirectional natural fiber-reinforced composites. The same approach is also used to establish the correlation between cutting speed and feed rate with delamination factor (Fd) and surface roughness (Ra).
Experimental Set-up and Machining Conditions

FRP Specimen Preparations
The composite materials used in the tests are made with different fiber reinforcements, such as Hemp Fiber-Reinforced Plastics (HFRP), Jute Fiber-Reinforced Plastics (JFRP), Banana FiberReinforced Plastics (BFRP) and Glass Fiber-Reinforced Plastics (GFRP). Resin polyester possessing a modulus of 3.25 GPa and density 1350 kg/m 3 was used in preparing the specimens with the hand lay-up process. Required numbers of layers were stacked to give the intended thickness and a fiber volume fraction, which was later determined to be 0.52 using the weight loss method.
Machining Set-up
The carbide end mill used in the experiments was of 5mm diameter. Milling tests were conducted on a CNC milling center supplied by MTAB, India. The composite specimen was held in a rigid fixture attached to the machine table. The depth of the cut on composite specimens was 2mm. 
Design of Experiments
The cutting speed and the feed rate are the two most important parameters that characterize the drilling operation and were selected for investigation. Table 1 indicates the factors to be studied and the assignment of the corresponding levels. An L9 orthogonal array is selected for the present 1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9  3  3  2  1 investigation, which has nine rows corresponding to the number of tests (eight degrees of freedom) with two columns at three levels, as shown in Table 2 . The plan of experiments is made of nine tests (array rows) in which the first column was assigned to the cutting velocity (v) and the second column to the feed rate (f) and the remaining were assigned to the interactions. The response to be studied is the delamination factor (Fd) and surface roughness (Ra) in four different fiber-reinforced composites.
Delamination and Surface Roughness Measurement
To determine the differing extent of machining defects (delamination) caused by milling, each specimen was examined. The Mitutoyo TM 500 toolmakers' microscope of 1µm resolution with 30X magnification was employed to measure the delamination damage. For each test, five measurements were made over milling surfaces, shown in Fig. 1 . The value of the delamination factor (Fd) can be obtained using the following equation:
where Wmax is the maximum width of the damage around the slot periphery and W is width of cut, as can be observed in Fig. 1 . Surface roughness measurements are carried out by a standard "Surf Test" stylus instrument (SJ-301 series, Mitutoyo). The machine was calibrated using reference surface roughness specimen having a Ra value of 3.10µm. The instrument is set with the standard value if the value is within a 5% tolerance limit of the standard specimen. Otherwise, the procedure is repeated until it falls within the limit.
Experimental Results and Discussion
Influence of the Cutting Parameters
The average readings of five trials of delamination factor (Fd) and surface roughness (Ra) were taken as process response. Table 3 presents the experimental layout plan and the computed values of delamination factors (Fd) and surface roughness (Ra) of the four different milled fiber-reinforced composites.
In Figs. 2 -5 we can observe the evolution of the delamination factor (Fd) and surface roughness (Ra) with the different cutting speed and feed rate values. In Figs. 2 and 4, we can evidence that the delamination factor (Fd) and surface roughness (Ra) decreases with the cutting speed. We also can observe that in Fig. 3 and 5, the delamination factor (Fd) and surface roughness (Ra) increases with the feed rate.
According to the graphs, we can observe that the HFRP composite presents a better performance than the other fiber-reinforced composites. The JFRP composite always causes a bigger delamination factor (Fd) and surface roughness (Ra), which means higher damage in the composite laminate.
Physical properties and geometrical differences between the fiber types of different composites may be the reason for this fact.
In the orthogonal array experiment analysis, we can evidence that the feed rate and cutting speed are seen to make the largest contribution to the delamination factor (Fd) and surface roughness (Ra). Generally, the use of high cutting speed and low feed rate favor the minimum delamination (Fd) and surface roughness (Ra) on milled fiber-reinforced composites.
An analysis of variance of the data was carried out with the delamination (Fd) and surface roughness (Ra) in four different fiber-reinforced composites with the objective of analyzing the influence of the cutting velocity (v) and feed rate (f) on the total variance of the results.
The statistical treatment of the data was made in two phases. The first phase was concerned with the analysis of variance and the effect of the factors and of the interactions. The second phase concerned obtaining the correlation between the parameters (v and f). Tables 4-7 show the results of the analysis of variance with the delamination factor (Fd) in four different fiber-reinforced composites.
From the analysis of Table 4 , we can observe that the cutting velocity (% contribution = 23.016%) and the feed rate factor (% contribution = 73.81%), have statistical and physical significance on the delamination factor (Fd) obtained for GFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the Fd was approximately 3.1746%.
From the analysis of Table 5 , we can observe that the cutting velocity factor (% contribution = 29.648%) and the feed rate factor (% contribution = 63.317%), have statistical and physical significance on the Fd obtained for HFRP. The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the Fd was approximately 7.0352%.
From the analysis of Table 6 , we can observe that the cutting velocity factor (% contribution = 26.097%) and the feed rate factor (% contribution = 66.667%), have statistical and physical significance on the Fd obtained for JFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the Fd was approximately 7.2361%.
From the analysis of Table 7 , we can observe that the cutting velocity factor (% contribution = 33.449%) and the feed rate factor (% contribution = 63.778%), have statistical and physical significance on the Fd obtained for BFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the Fd was approximately 2.9463%. From the results presented above, the feed rate and cutting speed are seen to make the largest contribution to the delamination effect. Generally, the use of high cutting speed and low feed rate favors the minimum delamination on all four composites and leads to better quality slots. Tables 8-11 show the results of the analysis of variance with the surface roughness (Ra) in four different fiber-reinforced composites. Table 8 , we can observe that the cutting velocity (% contribution = 36.862%) and the feed rate factor (% contribution = 57.828%), have statistical and physical significance on the surface roughness (Ra) obtained for GFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the surface roughness (Ra) was approximately 5.3055%. From the analysis of Table 9 , we can observe that the cutting velocity factor (% contribution = 23.911%) and the feed rate factor (% contribution = 71.805%), have statistical and physical significance on the surface roughness (Ra) obtained for HFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the surface roughness (Ra) was approximately 4.2875%.
From the analysis of Table 10 , we can observe that the cutting velocity factor (% contribution = 30.274%) and the feed rate factor (% contribution = 61.437%), have statistical and physical significance on the surface roughness (Ra) obtained for JFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the surface roughness (Ra) was approximately 8.3059%.
From the analysis of Table 11 , we can observe that the cutting velocity factor (% contribution = 40.007%) and the feed rate factor (% contribution = 57.742%), have statistical and physical significance on the surface roughness (Ra) obtained for BFRP.
The factors (v and f) present a statistical significance test F > Fα = 5%. Notice that the error associated to the ANOVA for the surface roughness (Ra) was approximately 2.214%.
From the results presented above, the feed rate and cutting speed are seen to make the largest contribution to the surface roughness (Ra). Generally, the use of high cutting speed and low feed rate favor the minimum surface roughness (Ra) on all four composites and leads to better quality surfaces.
Correlation (Model Equations)
The correlations between the factors (cutting velocity and feed rate) and the responses (delamination factor (Fd) and surface roughness (Ra)) in different fiber-reinforced composite laminates were obtained by multiple linear regressions using Minitab 16 software. The equations obtained were as follow: Table 12 shows the machining conditions and the results obtained by a comparison between the foreseen values by the models developed in the present work in Equations 2-9 and the experimentally obtained delamination factor (Fd) and surface roughness (Ra) values. From the analysis of the table, we can notice that the error associated through the actual model show a maximum error of about 5%. We can also consider that an equation correlates the evolution of the delamination factor (Fd) and surface roughness (Ra) in the different fiber-reinforced composite (GFRP, HFRP, JFRP, AND BFRP) laminates with the machining parameters (spindle speed and feed rate) with a good degree of approximation. 
Confirmation Tests
Conclusions
An experimental analysis for milling-induced delamination and surface roughness associated with various machining parameters (cutting speed and feed rate) on different fiber-reinforced composites is presented in this study. The following conclusions can be drawn from the above investigation:
(1) As seen in this study, the Taguchi design of experiment method provides a systematic and efficient methodology for the design optimization of the process parameters resulting in the minimum delamination and surface roughness with far less effect than would be required for most optimization techniques. (2) The quality of the slots produced for the natural fiber-reinforced composites tested were found to compare favorably with the corresponding quality of GFRP. The delamination factor (Fd) and surface roughness (Ra) of the milled natural fiber-reinforced composite were in some cases better than those of glass fiber-reinforced composite. This suggests that natural fiber composites have the potential to replace glass fiber composites in many applications where machining is needed. (3) The hemp fiber-reinforced composites promote less damage than the other fiber-reinforced composites, i.e., the delamination factor (Fd) and surface roughness (Ra) are smaller. (4) The feed rate and cutting speed are seen to make the largest contribution to the delamination factor (Fd) and surface roughness (Ra). Generally, the use of high cutting speed and low feed rate favor the minimum delamination on milling of all four different fiberreinforced composites. (5) The confirmation experiments were conducted to compare the predicted delamination factor with the experimental values of delamination factor (Fd) and surface roughness (Ra).
Good agreement between the predicted and experimental results was observed.
